[1] We present the first direct comparison and calibration of a downcore foraminiferal Mg/Ca record to historical instrumental sea surface temperature (SST). Mg/Ca measured on the planktic foraminifer Globigerina bulloides from a Cariaco Basin sediment core strongly correlate with spring (March-May) instrumental SSTs between A.D. 1870 and 1990. A Mg/Ca SST equation is derived and a paleo-SST record is presented spanning the last 8 centuries, an interval that includes the end of the Medieval Warm Period and the Little Ice Age. The long-term record displays a surprising amount of variability. The temperature swings are not necessarily related to local upwelling variability but instead represent wider conditions in the Caribbean and western tropical Atlantic. The Mg/Ca SST record also captures the decadal and multidecadal variability observed in records of global land and sea surface temperature anomalies and Atlantic tropical storm and hurricane frequency over the late nineteenth and twentieth centuries. A divergence between the SST proxy record and Atlantic storm frequency around 1970 appears to reflect a fundamental change in Atlantic hurricane behavior noted in historical data. On average, twentieth-century temperatures are not the warmest in the entire record, but they do show the largest increase in magnitude and fastest rate of SST change over the last 800 a.
Introduction
[2] The likelihood of anthropogenic warming [e.g., Overpeck et al., 1997; Mann et al., 1999; Crowley, 2000] and the growing recognition of the role of the tropics in global climate change [e.g., Schmittner and Clement, 2002; Grassi et al., 2006; Peterson and Haug, 2006] have spurred the need for long continuous high-resolution records of tropical climate variability. The Cariaco Basin (Figure 1 ) is well positioned to record a detailed history of surface ocean changes along the southern margin of the Caribbean and the tropical Atlantic [Hughen et al., 1996; Lin et al., 1997; Black et al., 1999; Peterson et al., 2000; Haug et al., 2001 Haug et al., , 2003 Lea et al., 2003; Tedesco and Thunell, 2003a] . Varved, high deposition rate sediments deposited under anoxic conditions and an abundance of well-preserved microfossils result in one of the few marine records capable of preserving evidence of interannual-to decadal-scale climate variability in the tropical Atlantic. Here we present an 8-century Mg/Ca-derived SST record that is the first downcore record to be directly calibrated against instrumental SSTs.
Materials and Methods
[3] Box core 0 N, 64°46.20 0 W, 450-m water depth) was collected in 1990 from the northeastern slope of the Cariaco Basin. Consecutive 1-mm samples (565 in all) from the core were freeze-dried, weighed, and wet-sieved through a 63-mm screen. Samples were first analyzed for planktic foraminiferal census counts, and then 100 Globigerina bulloides (212-to 250-mm fraction) were picked from each sample for Mg/Ca analyses. Although Globigerinoides ruber is probably more representative of annual average conditions in the Cariaco Basin [Tedesco and Thunell, 2003b] , G. bulloides was chosen for this study because of its greater abundance and hence sufficient material from each 1-mm sample for Mg/Ca analyses.
[4] Each sample was cleaned using a procedure modified from Boyle [1981] to remove possible contamination from clays and organic matter. The samples were gently crushed between two clean glass slides to break open the chambers and then repeatedly washed and sonicated with deionized water and methanol to remove clays. An oxidizing solution was added, and then the samples were boiled for 10 min with periodic sonication. This step was repeated to ensure removal of all organic material. The samples were then rinsed with deionized water, mildly acid-leached with a 0.001 M HNO 3 solution, rinsed again with deionized water, and then finally dried. The cleaned samples were then dissolved in 5% HNO 3 in a volume sufficient to yield a Ca concentration of 80 ppm.
[5] Magnesium and calcium were simultaneously measured on a Jobin Yvon Ultima Inductively Coupled Plasma Atomic Emission Spectrophotometer. Mg/Ca was corrected relative to a standard solution [Schrag, 1999] run between every sample, and 10% of the samples were replicated as well. Reproducibility of the standard and replicate samples in this study is ±0.06 and ±0.08 mmol/mol, respectively. The Mg/Ca for G. bulloides measured for this study vary between 3.82 and 5.86 mmol/mol, well within the range of other reported G. bulloides Mg/Ca Mashiotta et al., 1999; Elderfield and Ganssen, 2000; .
[6] The age model for the last 130 a of PL07-73 BC is based on correlations of its foraminiferal census counts to the faunal data of nearby cores with a previously published well-established varve and 210 Pb stratigraphy, while the older parts of the core are constrained by a correlative chronology based on 17 accelerator mass spectrometry 14 C dates [Black et al., 1999; Goñi et al., 2003; Black et al., 2004] . The resulting 8-century data set has a sample resolution of approximately 1 a per sample near the top of the record and approximately 1.5 a per sample near the bottom of the record. The data were then interpolated linearly onto the uniform monthly temporal grid, from March 1221 to May 1990. March -April -May (MAM) averages were then computed for each year to produce an annual resolution record which consequently was used in all further analyses presented in this paper.
3. Comparing the Cariaco Basin Mg/Ca Record to Instrumental Sea Surface Temperature Data, A.D. 1870 Data, A.D. -1990 [7] Previous studies examining the relationship between foraminiferal calcite Mg/Ca and sea surface temperature (SST) have used laboratory culture experiments [Nürnberg et al., 1996; Lea et al., 1999; Mashiotta et al., 1999; Toyofuku et al., 2000] , sediment trap studies [Anand et al., 2003; , and core top calibrations [Elderfield and Ganssen, 2000; Dekens et al., 2002] . No one to date has directly compared a downcore Mg/Ca record to historical instrumental data because there are very few areas with sufficiently high sedimentation rates where one can recover nonbioturbated sediments and high fossil foraminifera abundances. Long-term sedimentation rates in the Cariaco Basin are as much 1 m/ka, and sediments have been deposited under anoxic, nonbioturbated conditions for the last 12.6 ka, thus allowing one to compare and calibrate a suite of paleoceanographic proxies against historical instrumental data.
[8] The G. bulloides Mg/Ca data were compared to the Hadley SST data set [Rayner et al., 2003 ] Cariaco Basin grid square (1°Â 1°, centered on 10.5°N, 64.5°W) for the period of A.D. 1870 -1990 . The Mg/Ca record was initially compared to individual monthly SST series between 1870 and 1990. That is, correlation coefficients were calculated between the Mg/Ca record and 1870-1990 January SSTs, then February SSTs, then March SSTs, etc. (Figure 2 ). Correlations were highest for the months of March, April, May, and June (r of 0.49, 0.54, 0.57, and 0.52, significant for p < 0.007, 0.002, 0.001, and 0.002, respectively), strongly agreeing with recent Cariaco Basin sediment trap data indicating that G. bulloides fluxes are highest during March, April, and May [Tedesco and Thunell, 2003b] . Correlation significance (p value) was determined using the two-sided approximate Student's t test for correlation coefficients [von Storch and Zwiers, 1999] . In performing these tests the nominal sample length N = 121 was reduced to the effective number of independent values: N eff = N/t, where t, the number of years between independent samples, was computed according to the Davis [1976] formula, adopted by Trenberth [1984] and found to be about 4 a for the months of March -June in our series.
[9] Having established the strongest monthly correlations, the Mg/Ca data were then compared to March -April -May average SSTs over the period of instrumental overlap (Figure 3a) . We use the traditional exponential form of the relationship between Mg/Ca and temperature [e.g., Lea et 
By taking the logarithm of both sides and solving for T we obtain
Equation (2) is essentially a formula for the linear regression of T on ln(Mg/Ca). We used the standard formalism of linear regression [von Storch and Zwiers, 1999] to determine coefficients in equation (1) in a way that minimized the error in temperature predictions. This resulted in the predictive relationship:
which corresponds to the parameters A = 0.048 and B = 0.173 in equation (1). The in-sample estimate of predictive error standard deviation in equation (3) is s e = 0.35°C and is smaller than that for any other choice of parameters A and B.
[10] The errors of individual predictions depend on the value of predicted ln(Mg/Ca) because of sampling uncertainty in the parameters of equation (3) [von Storch and Zwiers, 1999] . These errors are large ( Figure 3b ) and the reconstructed signal standard deviation s r = standard deviation [T predicted /s e 2 = (28 À 2)(0.235) 2 /(0.347) 2 = 11.92 that comes from the distribution F(1, N eff À 2) and thus corresponds to the p value of 0.0019 in the one-sided F test. This small p value signifies a prediction skill well beyond what could normally occur by chance.
[11] Equation (3) minimizes error in SST predictions from Mg/Ca and, when the error is included, accurately captures the full range of instrumental SSTs over the calibration interval. One could derive an equation that preserves the instrumental SST range, but the predictive error would be much larger.
[12] One additional complicating factor is that G. bulloides is a subsurface dweller (30 -50 m typically) but the temperature calibration for this study was done using actual surface temperature data rather than laboratory culture or sediment trap preferred in situ temperatures. Recent hydrographic studies of the Cariaco Basin noted that the average vertical temperature gradient between 50 m and the surface was just under 3°C during the upwelling season between 1995 and 1998 [Muller-Karger et al., 2001; Astor et al., 2003] . A direct subsurface temperature calibration was not possible because long-term subsurface temperature data for this region are not available, and as such, this equation may not be valid for other study areas.
[13] The Mg/Ca record reflects SST beyond the Cariaco Basin as shown by significant correlations with SSTs over much of the southern Caribbean and tropical North Atlantic over the period of instrumental overlap (Figure 1 ). Our proxy data also capture a significant portion of the global combined land and sea temperature anomaly record variability ( Figure 3c ) [Jones et al., 1999] . [Eddy, 1976] . SSTs gradually rose again until about A.D. 1800, after which temperatures fluctuate around a mean that is slightly cooler than SSTs observed for the late Medieval Warm Period. A brief 0.5°C cooling occurred in the late 1800s and early 1900s followed by a strong 1°C warming during the twentieth century. The resolution of this data set is sufficient to capture even short transient events such as the brief but notable cooling that occurred in the Atlantic Figure 2 . Correlation coefficients between the Mg/Ca data and monthly instrumental SSTs for the period 1870 -1990 . Highest correlations occur between the Mg/Ca data and March, April, May, and June SSTs, similar to sediment trap data indicating maximum G. bulloides fluxes during the same months [Tedesco and Thunell, 2003b] .
Full 8-Century Record
during the Great Salinity Anomaly of the late 1960s [Dickson et al., 1988; Levitus, 1989] .
[15] On average, twentieth-century Mg/Ca SSTs are not the warmest of the entire record. Rather, the 100 a spanning approximately A.D. 1450 -1550 are the warmest. However, the twentieth century contains the largest magnitude temperature increase for any 100-a interval and, correspondingly, the largest rate of temperature change over the entire record. Mg/Ca SSTs increased by $1.1°C over 70 a during the twentieth century (most of that since the mid-1960s) compared to 1.0°C increases that occurred over 88 a during the 1400s and mid-1600s.
[16] Comparable Caribbean/tropical Atlantic SST records are rare, but those that do exist show generally similar trends to the Cariaco reconstruction. A high-resolution sclerosponge Sr/Ca-derived SST study from Jamaica (20 m below sea level) [Haase-Schramm et al., 2005] shows similar longterm trends (Figure 4b ) but almost always estimates warmer SSTs over equivalent intervals, and the temperature offset between the two records is not constant. The pronounced SST rise and fall across the MWP/LIA transition in the Mg/Ca data are not as strongly reflected in the sclerosponge data. The observed warming in the latter part of both records is also different, both in terms of onset and magnitude; the Mg/Ca SSTs suggest a warming of about 1°C between 1910 and 1990, while the sclerosponge SSTs suggest an average warming of about 4°C between 1840 and 1990.
[17] Planktic foraminiferal Mg/Ca SST records from just south of the Dry Tortugas in the northern Caribbean [Lund and Curry, 2006] show similar twentieth-century warming as the Cariaco data (Figure 4c ), but a well-defined Medieval Warm Period and Little Ice Age are not apparent. Interestingly, the d
18
O data from the same cores do show equivalent MWP and LIA events.
[18] A lower-resolution SST history based on planktic foraminifera abundances from a core taken near Puerto Rico [Jones et al., 1999] . [Nyberg et al., 2002] shows the same general pattern as the Mg/Ca data (Figure 4d ), but there is a temporal offset between the two records that cannot be explained by age model differences alone.
[19] Farther to the north near Bermuda, a shorter but highresolution coral Sr/Ca record [Goodkin et al., 2005] contains some of the same early twentieth-century variability as our Mg/Ca record but is generally dissimilar to the Cariaco record overall. The lack of similarity is not surprising, as previous Cariaco Basin studies have not correlated well with instrumental or proxy data from the Bermuda area [Black et al., 1999 [Black et al., , 2004 , and the spatial correlation pattern in Figure 1 again suggests that these two regions do not share a strong teleconnection.
[20] Regional precipitation/aridity paleoclimate data sets show some similarity to the Cariaco Mg/Ca SST data ( Figure 5 ). Percent titanium data from Cariaco Basin sediments [Haug et al., 2001] show a similar pattern to Mg/Ca SSTs during the LIA but are distinctly different during the MWP. A terrestrial lake record of gastropod d
18 O from the Yucatan Peninsula shows a nearly identical LIA pattern, including a large drop in values at the beginning of the Maunder Minimum and a subsequent increase, but the records do not show the same trends during the MWP or the twentieth century [Hodell et al., 2005] . The variable correlations suggest that the relationship between cold/dry and warm/wet conditions in the tropical Atlantic and Caribbean may be too simplistic. variable and, in principle, to reconstruct paleosalinity. In practice, this has not proven to be simple because of the combined effects of analytical precision errors in both the Mg/Ca and d 18 O measurements and temporal averaging within individual samples themselves. Our very high resolution, well-calibrated Mg/Ca record is no exception.
The
[22] Paired Mg/Ca and stable oxygen isotope analyses were performed on G. bulloides samples for the period spanning the twentieth century, the time when age control is tightest for the entire core. [Tedesco et al., 2007] .
[23] A recent 3-a Cariaco Basin sediment trap-based study found that G. bulloides d
18 O-derived temperatures using the Bemis et al.
[1998] equation were consistently cooler than instrumental SSTs, except during the spring upwelling season in each year when the instrumental and derived temperatures were similar [Tedesco et al., 2007] . We tested to see if this seasonal bias might be affecting our d O water calculation may be complicated by the fact that G. bulloides does not live right at the surface yet we are using surface temperatures for the calculation.
Forcing Mechanisms
[24] An immediate question is to what extent does upwelling variability influence the temperature record, particularly since maximum G. bulloides fluxes occur during the local upwelling season [Tedesco and Thunell, 2003b] . A comparison of the Mg/Ca SST record to G. bulloides abundance, a proxy for upwelling and trade wind variability in the Cariaco Basin [Peterson et al., 1991; Black et al., 1999] , reveals very little similarity between the two records. In particular, the large SST changes during the end of the MWP, the beginning of the LIA, and the mid to late twentieth century are not associated with corresponding changes in G. bulloides abundance in either PL07-71BC or PL07-73BC. However, Black et al. [1999] noted a nearzero correlation (r = 0.03) between G. bulloides abundance from a different Cariaco Basin core and local SSTs. A comparison of the G. bulloides abundance record from the core used for this study (PL07-73 BC) to instrumental SSTs over the period of instrumental overlap results in a weak, although statistically significant, correlation (r = 0.18, p < 0.1). Given the overall weak correlation between G. bulloides abundance and instrumental SSTs, any attempt to interpret the Mg/Ca SST record in terms of local upwelling variability should be treated with caution.
[25] Multitaper method spectral analysis [Ghil et al., 2002] of the Mg/Ca SST record results in peaks primarily in the 3-to 6-a range, no significant power in the decadal and multidecadal range, and some power at multicentury scales that are poorly characterized relative to the length of the proxy record ( Figure 6 ). There are no decadal-scale peaks that exceed the 90% confidence limit, and it is not until periods longer than approximately 63 a do we see spectral power that exceeds the 95% confidence limit. This is surprising as studies of the much shorter instrumental tropical Atlantic SST record have noted decadal-scale periodicities [e.g., Mehta and Delworth, 1995; Carton et al., 1996; Chang et al., 1997] . Prior analysis of G. bulloides abundance, a proxy for trade wind variability, also noted decadal-scale variability [Black et al., 1999] .
[26] Power in the 3-to 6-a band initially suggests an El Niño -Southern Oscillation (ENSO) influence on the Cariaco Basin SST record. However, the correlation coefficient between the Niño 3.4 index and the derived SST record is very weak (r = 0.11; statistically insignificant), and historically strong warm or cold phase ENSO events are unremarkable in the Mg/Ca record. Still, a number of studies have found a relationship between ENSO and interannual climate variability in the Caribbean. An analysis of instrumental SSTs for the period 1950-1992 demonstrated that tropical Atlantic and Caribbean SST variability is correlated with ENSO variability [Enfield and Mayer, 1997] . Anomalous warming in the Atlantic typically occurred during the boreal spring following the maximum ENSO anomalies, the same season with the highest correlation between G. bulloides Mg/Ca and instrumental SST. Giannini et al. [2000] also noted anomalous warming in the Caribbean -western Atlantic basin following the mature phase of an ENSO event. However, lagging our Mg/Ca SST record relative to the Niño 3.4 index lowers the correlation even further (r = 0.09).
[27] The geographically closest paleo-SST record to ours found spectral peaks in the 2-to 7-a range which were attributed to ENSO variability [Haase-Schramm et al., 2005] , but processes in the Atlantic may also play a role in generating subdecadal-scale variability. Carton et al. [1996] noted variability in tropical Atlantic SST anomaly patterns on 2-to 5-a timescales related to processes similar to ENSO, where the western Atlantic trade winds weaken and eastern equatorial Atlantic thermocline waters shift westward. However, this equatorial Atlantic mode appears to have more of an effect on eastern tropical Atlantic SST distributions than western Atlantic SSTs [Carton et al., 1996; Kayano et al., 2005] .
[28] Another possible forcing mechanism is the North Atlantic Oscillation (NAO), even though the spectral analysis does not initially suggest it. Maximum covariance analyses (MCA) of the Hadley Centre SST data set [King and Kucharski, 2006] indicate an inverse correlation between the NAO and tropical Atlantic SSTs, with r values between À0.16 and À0.20 for regions just east of the Cariaco Basin. The MCA data also indicate that the influence of the NAO on tropical Atlantic SSTs weakens post-1960. When our Mg/Ca SST record is compared to the NAO index [Hurell, 1995] , there is a weak but statistically significant correlation of the correct sign and magnitude (r = À0.20, p < 0.05), and the correlation improves to À0.31 (p < 0.01) if the A.D. 1960-1990 data are removed.
[29] The observed spectral power at lower frequencies is more difficult to explain because the peak is not well defined (encompasses periodicities between 63 and 800 a at the 95% confidence level). Climate models suggest that significant multidecadal-to century-scale variability can result from processes internal to the Earth's climate system alone (thermohaline circulation, for example), but the models suggest different dominant timescales of variability [e.g., Manabe and Stouffer, 1996; Delworth et al., 1997; Timmerman et al., 1998] . While the spectral analysis indicates that a multidecadal to multicentury mode must be important, the cause of this scale of variability is not clear at this time.
Tropical Atlantic SSTs and Hurricanes
[30] A variety of consequences have been suggested as a result of global warming, including sea level rise, shifts in precipitation patterns, changes in drought frequency and severity, outbreaks of tropical disease, geographic shifts in ecologic zones, and much more. One possible consequence that has received a great deal of attention recently is the potential for a more active hurricane season and stronger storms [e.g., Goldenberg et al., 2001; Emanuel, 2005; Trenberth, 2005; Trenberth and Shea, 2006; Mann and Emanuel, 2006] . Our study location lies in the heart of the tropical Atlantic/Caribbean, and given that SST is a critical component to hurricane formation, we compared our Mg/Ca-derived SST record to the number of hurricanes and tropical storms in the Atlantic for the period A.D. (Figure 7a ). The year-to-year correlation between the two records is significant (r = 0.27, p < 0.07), and the Mg/ Ca SST record visually captures the decadal-and multidecadal-scale Atlantic storm variability.
[31] Nine-year moving averages of the number of hurricanes/tropical storms and Mg/Ca SST data sets were compared to determine how well the decadal-scale variability was characterized. The general trend is what one would expect: more tropical storms and hurricanes when SSTs are warmer (Figures 7b and 7c) . The correlation is strong until approximately 1970 when the two records diverge, a pattern seen in a scatterplot of the data sets (Figure 7c ). The cluster of outlying points represents post-1970 data only; none of the outliers are from earlier parts of the record. The divergence appears to reflect a fundamental change in Atlantic hurricane behavior. Recent analyses of instrumental data indicate that Atlantic hurricanes have formed increasingly to the east and south since approximately 1970, associated with a spread of the Atlantic Warm Pool [Holland and Webster, 2007; Andronache and Phillips, 2007] . The spatial pattern of Mg/Ca SST correlation decreases toward the eastern and southern tropical Atlantic, and hence the correlation divergence at this time. Additionally, the number of major hurricanes was reduced during the 1970s and 1980s relative to earlier parts of the record [Nyberg et al., 2007] . If the post-1970 data are removed, the Mg/Ca SST record is strongly correlated to the number of hurricanes and tropical storms (r = 0.83, p < 0.082 after accounting for the reduced degrees of freedom resulting from smoothing the data sets).
[32] We also attempted to correlate the previously discussed tropical Atlantic paleo-SST records to Atlantic storm frequency, but with one exception, none of these records have the temporal resolution to provide a meaningful correlation. The Jamaican sclerosponge data [HaaseSchramm et al., 2005] contain 20 data points within the interval of interest, but the correlation between its paleo-SSTs and Atlantic storm frequency was nearly zero. The lack of correlation is likely because Jamaica lies well outside the ''main development region'' [Goldenberg et al., 2001] for Atlantic tropical storms and hurricanes.
Conclusions
[33] We present the first downcore Mg/Ca record that has been directly calibrated to instrumental SSTs. The sediment record supports sediment trap studies indicating that G. bulloides is representative of spring conditions in the Cariaco Basin, but correlation to the wider Atlantic basin instrumental SST record demonstrates that Cariaco Basin Mg/Ca SSTs can be used to characterize SST variability for the Caribbean and western tropical Atlantic.
[34] The full 8-century record reveals that tropical SSTs during the last millennia are more variable than previously thought, with some MWP warmth, significant LIA cooling, and abrupt twentieth-century warming. Unlike recent instrumental data analyses, spectral analysis of the Mg/Ca SST data does not indicate decadal-scale variability. Instead, an interannual to subdecadal mode dominates the record, with possible ties to ENSO, the NAO, and tropical Atlantic ocean-atmosphere dynamics.
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